Energy level decay and excited state absorption processes in erbium-doped tellurite glass by Gomes, L. et al.
PUBLISHED VERSION 
 
Gomes, Laercio; Oermann, Michael Raymond; Ebendorff-Heidepriem, Heike; Ottaway, David John; Monro, 
Tanya Mary; Librantz, Andre Felipe Henriques; Jackson, S. D.  
Energy level decay and excited state absorption processes in erbium-doped tellurite glass, Journal of Applied 
Physics, 2011; 110(8):083111  
© 2011 American Institute of Physics. This article may be downloaded for personal use only. Any other use 
requires prior permission of the author and the American Institute of Physics. 
 



























The American Institute of Physics (AIP) grants to the author(s) of papers submitted to or 
published in one of the AIP journals or AIP Conference Proceedings the right to post and 
update the article on the Internet with the following specifications. 
On the authors' and employers' webpages:  
 There are no format restrictions; files prepared and/or formatted by AIP or its vendors 
(e.g., the PDF, PostScript, or HTML article files published in the online journals and 
proceedings) may be used for this purpose. If a fee is charged for any use, AIP 
permission must be obtained.  
 An appropriate copyright notice must be included along with the full citation for the 
published paper and a Web link to AIP's official online version of the abstract.  
 




date ‘rights url’ accessed / permission obtained: (overwrite text) 
Energy level decay and excited state absorption processes in erbium-
doped tellurite glass
Laércio Gomes, Michael Oermann, Heike Ebendorff-Heidepriem, David Ottaway, Tanya Monro et al. 
 
Citation: J. Appl. Phys. 110, 083111 (2011); doi: 10.1063/1.3651399 
View online: http://dx.doi.org/10.1063/1.3651399 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v110/i8 
Published by the American Institute of Physics. 
 
Related Articles
High spectral resolution, real-time, Raman spectroscopy in shock compression experiments 
Rev. Sci. Instrum. 82, 083109 (2011) 
Abnormal temperature dependent photoluminescence of excited states of InAs/GaAs quantum dots: Carrier
exchange between excited states and ground states 
J. Appl. Phys. 109, 113540 (2011) 
Two-dimensional infrared spectroscopy of isotope-diluted ice Ih 
J. Chem. Phys. 134, 204505 (2011) 
Efficient nonradiative energy transfer from InGaN/GaN nanopillars to CdSe/ZnS core/shell nanocrystals 
Appl. Phys. Lett. 98, 163108 (2011) 
Time-resolved photoelectron spectroscopy of low-energy excitations of 4×4 C60/Cu(111) 
J. Chem. Phys. 133, 234704 (2010) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 
Downloaded 16 Dec 2011 to 192.43.227.18. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
Energy level decay and excited state absorption processes in erbium-doped
tellurite glass
Lae´rcio Gomes,1 Michael Oermann,2 Heike Ebendorff-Heidepriem,2 David Ottaway,2
Tanya Monro,2 Andre´ Felipe Henriques Librantz,3 and Stuart D. Jackson4,a)
1Center for Lasers and Applications, IPEN/CNEN-SP, P.O. Box 11049, Sa˜o Paulo, SP 05422-970, Brazil
2Physics Building, North Terrace Campus, Institute for Photonics & Advanced Sensing, The University
of Adelaide, SA 5005 Australia
3Center for Lasers and Applications, IPEN/CNEN-SP, P.O. Box 11049, Sa˜o Paulo, SP 05422-970, Brazil
and Sciences Department, UNINOVE, Sa˜o Paulo, SP 01156-050, Brazil
4School of Physics, Institute of Photonics and Optical Science, University of Sydney, Camperdown 2006
Australia
(Received 21 June 2011; accepted 7 September 2011; published online 25 October 2011)
The fundamental excited state decay processes relating to the 4I11/2! 4I13/2 transition in singly
Er3þ-doped tellurite (TZNL) glass have been investigated in detail using time-resolved fluores-
cence spectroscopy. Selective laser excitation of the 4I11/2 energy level at 970 nm and selective
laser excitation of the 4I13/2 energy level at 1485 nm has established that energy transfer upconver-
sion by way of a dipole-dipole interaction between two excited erbium ions in the 4I13/2 level popu-
lates the 4I11/2 upper laser level of the 3 lm transition. This upconversion has been analyzed for
Er2O3 concentrations between 0.5 mol. % and 2.2 mol. %. The
4I13/2 and
4I11/2 energy levels emit
luminescence with peaks located at 1532 nm and 2734 nm, respectively, with radiative decay effi-
ciencies of 65% and 6.8% for the higher (2.2 mol. %) concentration sample. The low 2.7 lm emis-
sion efficiency is due to the non-radiative decay bridging the 4I11/2! 4I13/2 transition and energy
transfer to the OH groups in the glass. Excited state absorption was observed to occur from the
4I13/2 and
4I11/2 levels with peak absorptions occurring at 1550 nm and 971 nm, respectively. The
decay time of the 4I11/2 excited state decreased with an increase in the Er
3þ concentration, which
related to energy transfer to OH ions that had a measured concentration of 6.6 1018 cm3.
Results from numerical simulations showed that a population inversion is reached at a threshold
pumping intensity of 80 kW cm2 for a cw laser pump at 976 nm if [Er3þ]  1.2 1021 cm3 (or
[Er2O3]  2.65 mol. %) without OH impurities being present. VC 2011 American Institute of
Physics. [doi:10.1063/1.3651399]
I. INTRODUCTION
The strong interest in the generation of light at mid-
infrared wavelengths (between 3 lm and 50 lm) is being
driven by applications in medicine, defence, and spectroscopy.
With the field of mid-infrared photonics growing fast, the
search for stable efficient and cost effective sources of light at
wavelengths approaching 3 lm is strong. The majority of
mid-infrared laser research has concentrated on a number of
rare earth ions when they are doped into low phonon energy
crystals such as LaCl3 (Ref. 1) and KPb2Cl5 (Ref. 2) and low
phonon energy glasses e.g., the chalcogenides.3,4 Stability
issues are a hindrance for these materials and for the genera-
tion of high power, a long gain medium length and large mode
area can be achieved through the use of a fiber geometry.
The use of the fiber geometry for the generation of mid-
infrared laser radiation provides good thermal management
and a comparatively lower threshold because of the extended
longitudinal dimension and small transverse cross section rel-
evant to optical fibers. The 4I11/2! 4I13/2 transition of Er3þ is
a four level laser transition that offers broadband fluorescence
in the 3 lm wavelength range. To date, high power fibre lasers
emitting on this transition have been achieved only in fluoro-
zirconate based fibres.5–8 Due to the hygroscopic nature of flu-
oride based glasses, it is difficult to avoid the degradation of
the glass that occurs when exposed to moisture in the atmos-
phere. Tellurite glasses show potential as an alternative oxide
based host material due to their relatively low maximum pho-
non energies (690 cm1 for the Er3þ-doped tellurite
(TZNL) glass composition used here) when compared to other
oxide glasses.9 They also have good transmission between
0.35 and 5 lm and are less susceptible to the crystallization
and degradation that can occur in fluoride glasses.9 To further
explore the potential of the 4I11/2! 4I15/2 transition in tellurite
glass and to offer the possibility of highly efficient Er3þ laser
operating at 3 lm in an oxide based glass, detailed spectro-
scopic studies are required. These studies would reveal the im-
portant energy transfer and energy level decay processes that
relate to the 4I11/2! 4I13/2 transition in tellurite glass.
To fulfill this objective, we have prepared a number of
Er2O3-doped tellurite glasses of varying Er2O3 concentration
(0.5 to 2.2 mol. %) and measured the luminescence decay
characteristics after selective energy level excitation. The lu-
minescence efficiencies of these levels were determined
when the experimental decay time was compared with the
a)Author to whom correspondence should be addressed. Electronic mail:
s.jackson@usyd.edu.au.
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radiative lifetimes calculated using Judd-Ofelt theory. Due
to the high O-H phonon energy, the cross-relaxation (CR)
and energy transfer to OH impurities in the host glass result
in the depopulation of the 4I11/2 and
4I13/2 energy levels and
the rapid decay of the excited ions back to the ground state.
The energy transfer rates to the OH groups in the glass are
measured for these energy levels. Measurements of the
pump excited state absorption (ESA), energy transfer upcon-
version (ETU), and CR parameters have also been obtained.
II. EXPERIMENTAL PROCEDURE
The TZNL (Ref. 10) glass samples used for the time-
resolved luminescence spectroscopy were prepared from high
purity raw materials with 99.99% pure TeO2, ZnO and La2O3
and 99.999% pure Na2CO3 and had the composition: 73.3
TeO2þ 19.6 ZnOþ 4.9 Na2Oþ (2.2- x) La2O3þ x Er2O3 with
x¼ 0.5, 1.1, 2.2 mol. %. The starting powder materials were
melted in a Pt-Au crucible in a dry glovebox environment, reduc-
ing the OH content in the glass, at 900 C for 30 min. The liquids
were poured into polished brass molds and annealed at 315 C
for 4 h to remove any mechanical stresses. The samples were
then cut and polished into 8 10 12 mm3 rectangular prisms.
The Er3þ ion densities were calculated to be 2 1020 cm3,
5 1020 cm3, and 1 1021 cm3 for the doped tellurite sam-
ples with 0.5, 1.1, and 2.2 mol. % Er2O3, respectively.
Absorption spectra in the range of 2000–10 000 nm
were measured using a FTIR spectrophotometer (Nicolet
6700). The decay characteristics of the excited states of Er3þ
were measured using pulsed 12 mJ (4 ns, 10 Hz) laser excita-
tion from a tunable optical parametric oscillator (OPO)
pumped by the second harmonic of a Q-switched Nd-YAG
laser (Brilliant B from Quantel). Tunable laser excitation
from the OPO was used to excite the 4I11/2 energy levels at
970 nm and 4I13/2 energy levels at 1485 nm energy levels
directly. The infrared luminescence (for k> 1080 nm) was
detected using an InSb infrared detector (Judson model J-10
D cooled to 77 K) in conjunction with a fast preamplifier
with a response time of 0.5 ls and analyzed using a digital
200 MHz oscilloscope (Tektronix TDS 410). The visible and
near infrared (k< 1100 nm) was detected using a photomul-
tiplier tube (EMI) with a sensitive cathode of S-1 or S-2 type
(PMT EMI refrigerated at –20 C) with a response time of
20 ns. All the fluorescence decay characteristics were meas-
ured at 300 K. To isolate the infrared luminescence signals,
bandpass filters each with 80% transmission at 1500 nm or
2750 nm with a half width of 25 nm and an extinction coeffi-
cient of 105 outside this band were used.
III. EXPERIMENTAL RESULTS
The optical absorption spectrum of Er3þ ions in tellurite
glass has two peak absorptions in the near infrared, one at
approximately 1550 nm and the second near 980 nm. When
the Er3þ-doped material is excited at 970 nm, the following
processes are observed to occur:
(a) Ground state absorption (GSA)
Er3þð4I15=2Þ þ h ð980 nmÞ ! Er3þð4I11=2Þ
(a’) ESA
Er3þð4I11=2Þ þ h ð980 nmÞ ! Er3þð4F7=2Þ
! Er3þð4S3=2 þ hxÞ
(b) ETU
Er3þð4I13=2Þ þ Erð4I13=2Þ ! Er3þð4I9=2Þ;
(c) CR
Er3þð4S3=2Þ þ Erð4I15=2Þ ! Er3þð4I9=2Þ þ Er3þð4I13=2Þ
In this work, we have used Judd-Ofelt theory to calcu-




and 4I13/2 energy levels and the related luminescence branch-
ing ratios of Er3þ in tellurite (TZN) glass. In the Judd-Ofelt
calculation, the spectroscopic intensity parameters X2, X4,
and X6 for Er
3þ-doped tellurite glass were 5.54 1020,
1.70 1020, and 1.22 1020 cm2, respectively. These val-
ues were calculated from absorption measurements made
using a CARY spectrophotometer. Values of the angular ten-
sor operator jhU kð Þij2 used in the Judd-Ofelt calculation were
obtained from the literature11 for the radiative transitions of
Er3þ in LaF3 (aquoions). The refractive index for tellurite
(TZNL) glass is n¼ 1.98 at 1.5 lm.10
Figure 1 shows the IR absorption spectra of Er2O3(2.2
mol. %)-doped tellurite glass used in this work. The spec-
trum shows a broad, strong absorption band between 2500
and 3500 cm1, which is attributed to the free OH groups
in oxide glasses.12 In addition, there is a narrow and weak
absorption band with maximum at 3735 cm1 that is pro-
duced by OH isolated impurity. The absorption coefficient
(of the OH vibration band at 3013 cm1 due to the free
OH group) is given by NOH ¼ NAvan , where NAv is the Avoga-
dro constant (6.02 1023), a is the absorption coefficient
(cm1), and n is the absorptivity of free OH groups in the
glass. Using n¼ 49.1 103 cm2 mol1 (Ref. 13), we esti-
mate the OH concentration in our samples as
NOH¼ 6.25 1018 cm3 (for [Er3þ]¼ 2 1020 cm3) with
a¼ 0.51 cm1; NOH¼ 3.31 1018 OH cm3 (for [Er3þ]
FIG. 1. Measured absorption spectrum of Er2O3(2.2 mol. %)-doped tellurite
showing the free OH group absorption band near 3013 cm1.
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¼ 5 1020 cm3) with a¼ 0.27 cm1 and NOH¼ 6.61
 1018 cm3 (for [Er3þ]¼ 1 1021 cm3) and
a¼ 0.54 cm1. The highest absorption coefficient corre-
sponding to the [Er3þ]¼ 2 1020 cm3 sample, of
0.51 cm1, is half that measured previously in tellurite
glasses melted in a dry atmosphere.14
A. Luminescence from the 4I11/2 level
Fluorescence emission from the 4I11/2 excited state of
Er3þ was measured for [Er3þ]¼ 1 1021 cm3 (or Er2O3
¼ 2.2 mol. %), see Fig. 2. The emission cross section was
determined after the emission cross section at the fluores-








I kð ÞdkAJ;J0 , where k¼ 2:73410
4 cm,





I kð Þdk¼ 6:407104 cm1 and J¼ 11/2 and J’¼ 13/2.
The calculation gave remis (2734 nm)¼ 4.86 1021 cm2.
Figure 3 shows the emission decay characteristic at
2750 nm for [Er2O3]¼ 2.2 mol. %. It was seen that the lumi-
nescence decay of 4I11/2 excited state was non exponential
and was fitted using Eq. (1) given by Bursthein model,15
which includes exponential and non-exponential components
of the decay.







where c is used as a curve fitting parameter to cater for the
non-exponential component of the luminescence decay and
sm ¼ sd1þxsd is the exponential decay component that accounts
for the intrinsic decay rate (radiative decayþ non-radiative
multiphonon decay) of the donor state, sd, and the migration
assisted donor to acceptor energy-transfer rate, x. The mean
lifetime is obtained by the integration of the decay curve
using Eq. (2). This contains both the exponential and non-









The best fit of the 2730 nm luminescence was done using
Eq. (1) and the fitting parameters were
1) c¼ 19.6 s1/2, sm¼ 284.5 ls, and s¼ 214.7 ls for
[Er2O3]¼ 0.5 mol. %,
2) c¼ 9.5 s1/2, sm¼ 231 ls, and s¼ 203.7 ls for
[Er2O3]¼ 1.1 mol. %, and
3) c¼ 8.45 s1/2, sm¼ 193.3 ls and s¼ 174.4 ls for
[Er2O3]¼ 2.2 mol. %.
We observed that the integrated lifetime value (s) for
the 4I11/2 level decreased with [Er
3þ] increase. This effect
was attributed to energy transfer from the 4I11/2 level to free
OH groups that are present in the samples with the esti-
mated concentration of 6.6 1018 cm3. Figure 4(a) shows
that the total decay rate (Wtotal) of the
4I11/2 level increases
with [Er3þ] and tends to a constant value for
[Er3þ]¼ 1 1021 cm3. This behavior suggests that the criti-
cal concentration NC of Er
3þ for the Er3þ(4I11/2)!OH
(¼ 0! 1) energy transfer process is reached for an
[Er3þ]¼ 1 1021 cm3. As a consequence, the total rate
decay of the 4I11/2 level (Wtotal) must approximate to a con-
stant value for [Er3þ]>NC [see the experimental data repre-
sented by squares in Fig. 4(a)]. Similar behavior has been
observed in the interaction between two Er3þ ions excited to
the 4I11/2 level that populate the
4S3/2 level by ETU, where
the transfer rate has a similar dependence on excited Er3þ
concentration according to Eq. (3).13,14




and Wtotal ¼ 1s ¼ Cþ gOHK0;
(3)
where gOH is the Er
3þ!OH transfer efficiency, s is the
integrated lifetime of the 4I11/2 excited state, K0 is the rate
constant parameter for Er3þ!OH transfer, NEr is the Er3þ
concentration, NC is the critical concentration of Er
3þ, and
FIG. 2. Measured fluorescence spectrum of the 4I11/2! 4I13/2 transition in
Er3þ(2.2 mol. %)-doped tellurite glass at T¼ 300 K. Laser excitation at 971
nm with an average energy of 12 mJ and pulse duration of 4 ns (at 10 Hz).
FIG. 3. (Color online) Measured luminescence decay at 2750 nm after
pulsed laser (4 ns, 10 Hz) pump at 970 nm (E¼ 10 mJ) for Er2O3(0.5 and
2.2 mol. %)-doped tellurite glass at T¼ 300 K. The best fit to the measure-
ments using Eq. (1) is represented by the dotted line.
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C (in s1) is the intrinsic decay rate of the 4I11/2 state,
i.e., C ¼ 1=sR þWnR. A best fit was carried out by applying
the critical radius model, Eq. (3), which gave NC¼ 2.85
 1020 cm3 (RC¼ 9.43 A˚), C¼ 3186 s1, and K0
¼ 2455 s1. Figure 4(b) shows the decay rate due to
migration-assisted energy transfer only, i.e., Wm ¼ 1=sR
þWnr þ x. The best fit to the data presented in Fig. 4(b) was
carried out using the expression Wm ¼ Cþ a½Erbwhich
gave C¼ 3186 s1, a¼ 2.03 1018 cm3 s1, and b¼ 1.
According to this model, Wnr ¼ C 1=sR and using sR¼ 2.6
ms (calculated using Judd-Ofelt theory), one gets
Wnr¼ 2801 s1. For the 4I11/2 energy level, the OH transfer
was calculated as the difference between the theoretical
decay rate (Wtotal) and the intrinsic decay rate (C). The Er
3þ
(4I11/2)!OH transfer rates (WOH) were obtained and their
values are: 1472 s1 (for [Er2O3]¼ 0.5 mol. %), 1723 s1
(for [Er2O3]¼ 1.1 mol. %), and 2478 s1 (for [Er2O3]¼ 2.2
mol. %). The WOH values are given in Table I. The 2.7 lm
luminescence efficiency when pumped into the 4I11/2 energy
level for each Er3þ concentration was calculated to be
g‘¼ 0.0826 for [Er3þ]¼ 2 1020 cm3, g‘¼ 0.0784 for
[Er3þ]¼ 5 1020 cm3, and g‘¼ 0.0680 for [Er3þ]¼ 1
 1021 cm3. Both the multiphonon non-radiative decay and
the OH energy transfer are the mechanisms responsible for
the strong quenching of the decay time of the 4I11/2 energy
level to 314 ls.
B. Luminescence decay from the 4I13/2 level
Figure 5 shows the measured decay time of the 4I13/2
level for two Er2O3-doped tellurite samples (0.5 and 2.2 mol.
%). The measured decay times for the 4I13/2 level are longer
than the calculated radiative lifetime (sR¼ 3.27 ms,
calculated in this work). The increase in the decay time of
the 4I13/2 in our experiment relates to strong excitation
migration from a resonant dipole-dipole interaction between
the 4I13/2 and
4I15/2 energy levels; this phenomenon explains
the initial increase in the decay time as the Er3þ concentra-
tion was increased. We observed an increase in the decay
FIG. 4. (a) Measured (total) decay rate (s1) of the 4I11/2 level (open
squares) and best fit (solid line) as a function of [Er3þ]; (b) shows the meas-
ured intrinsic decay rate of the 4I11/2 level (crosses) and best fit (solid line)
as a function of [Er3þ].
TABLE I. Parameters used in the rate equation modeling for Er-doped tel-
lurite glass.
Luminescence branching ratio and radiative and intrinsic
(total) lifetimes of Er3þa
Transition b (%) sR
b s (expt.)c (Wnr (s
1))
Er3þ: — — —
4S3/2 ! — 281 ls 53 ls (15462 s
1)
4F9/2 0.03 — —
4I9/2 3.59 — —
4I11/2 2.21 — —
4I13/2 27.45 — —
4I15/2 66.72 — —
4F9/2 ! — 300 ls 24 ls (41908 s1)
4I9/2 0.29 — —
4I11/2 1.68 — —
4I13/2 4.79 — —
4I15/2 93.24 — —
4I9/2 ! — 2.58 ms 0.83 ls (3.3 105 s1)
4I11/2 1.5 — —
4I13/2 24.8 — —
4I15/2 73.7 — —
4I11/2 ! — 2.60 ms 314 ls (2801 s1)
4I13/2 15.94 — —
4I15/2 84.06 — —
4I13/2 ! — 3.27 ms 3.27 ms (0 s1)
4I15/2 100 — —












0.5% (2 1020) 383 1472 4234
1.1% (5 1020) 1296 1723 14 969
2.2% (1 1021) 3782 2478 44 672
(1.2 1021) 5046 — 59 243
(1.5 1021) 7176 — 83 668
aValues obtained from the literature for Er3þ(<1%)-doped tellurite.16
bRadiative lifetimes calculated using Judd-Ofelt theory.
cExperimental lifetime (intrinsic) obtained from the best fit to the
luminescence.
dExperimental transfer rates obtained in this work. The transfer constant given
in cm3 s1 can be obtained using W¼K0/Ns, where Ns¼ 2 1019 cm3.
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time at distances perpendicular to the pump of 6 mm, how-
ever, for distances of 3 mm and shorter (from where we
took the measurements), the measured decay time was invar-
iable and radiation trapping was constant. The luminescence
decay was observed to be non-exponential and a best fit was
carried out using Eq. (1) which provided: (1) c¼ 3.2 s1/2
and sm¼ 9.6 ms for [Er2O3]¼ 0.5 mol. %, (2) c¼ 4.0 s1/2
and sm¼ 12.7 ms for [Er2O3]¼ 1.1 mol. %, and (3) c¼ 7.4
s1/2 and sm¼ 7.1 ms for [Er2O3]¼ 2.2 mol. %. Note that the
transfer parameter c increases linearly with [Er3þ] concentra-
tion, which agrees with Forester-Dexter theory16 where the
donor to acceptor ion transfer parameter, c, is proportional to
the erbium concentration.
An increase in the exponential term, sm (whose value is
sm¼ 9.6 ms for [Er3þ]¼ 2 1020 cm3 and 12.7 ms for
[Er3þ]¼ 5 1020 cm3) was observed which indicates
strong excitation migration among 4I13/2 levels similar to
what has been observed for Er3þ-doped LiYF4 crystal.
17 In
Figure 6, we plot the integrated lifetime s, (solid squares)
and the exponential decay component sm (open triangles) for
the 4I13/2 level as a function of [Er
3þ]. A best fit to the intrin-
sic lifetime was carried out using Eq. (4); the exponential
decay will increase if an Er3þ ion excited to the 4I13/2 level
transfers its energy to a ground state Er3þ ion within a criti-
cal distance, RC, with a lifetime augmentation efficiency,
g(s), dependent on [Er3þ] (Refs. 17 and 18). This model pre-
dicts a saturation of the exponential decay component, sm, to
a constant value s0, which is reached for NEr>NC, where NC
is the critical concentration. The lifetime augmentation effi-
ciency is given by
g sð Þ ¼ 1 exp NEr=NCð Þ; (4)
where sm ¼ sR þ g sð Þs0, sR¼ 3.27 ms (calculated using Judd-
Ofelt theory), and NEr is the Er
3þ concentration. The best fit
using Eq. (4) gives s0¼ 11.8 ms and NC¼ 2.8 1020 cm3
(see red solid line in Fig. 6). The energy transfer rate, WOH, for
Er3þ(4I13/2) to OH
 (¼ 0! 2) energy transfer process was
determined from the difference between the measured decay
(1/s) and the theoretical exponential decay (1/sm) calculated
using Eq. (4). Using the relation WOH ¼ 1=s 1=sm, the fol-
lowing values for WOH were obtained: 16.4 s
1 for
[Er2O3]¼ 0.5 mol. %, 35.6 s1 for [Er2O3]¼ 1.1 mol. %, and
164 s1 for [Er2O3]¼ 2.2 mol. % were calculated, see Table I.
C. Luminescence from the 4S3/2 level
Evidence that the 4S3/2 energy level is excited after laser
excitation at 970 nm in the Er3þ-doped tellurite glass was
evident by the observation of green luminescence. The green
up-conversion luminescence (see Fig. 7) results from pump
ESA from the 4I11/2 level because the risetime of the 552 nm
luminescence (and hence 4S3/2 level population) is 28 ns, a
value close to the response time of the detector (20 ns). If we
assume the following pump, two photon absorption (TPA)
path: GSA 4I15/2! 4I11/2; ESA1 4I11/2! 4F7/2 that decays to
FIG. 5. (Color online) Measured luminescence decay at 1600 nm after
pulsed laser (4 ns) pump at 1485 nm for Er2O3-doped tellurite T¼ 300 K
(experimental results for [Er3þ]¼ 0.5 and 2.2 mol. % only). The best fit to
the measurements using Eq. (1) is represented by solid line.
FIG. 6. (Color online) Measured integrated lifetime (solid squares) and
intrinsic decay constant (sm) (open triangles) of the
4I13/2 level as a function
of [Er3þ]. The best fit to the intrinsic decay constant (or exponential term)
using Eq. (4) is shown as the red solid line.
FIG. 7. (Color online) Measured luminescence decay of the 4S3/2 level
measured at 552 nm for 972 nm laser excitation (pulse energy of 10 mJ and
pulse duration of 4 ns) at T¼ 300 K. The luminescence decay was fitted
(solid line) using Eq. (1).
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the 2H11/2,
4S3/2 thermally coupled levels. The best fit to
4S3/2 luminescence transient was carried out using the ex-
pression I2ðtÞ ¼ I0

exp
 c ﬃﬃtp  tsm
 exp  tsrise

, where
srise is the luminescence risetime and c and sm are the energy
transfer parameters due to the cross-relaxation process (pro-
cess c in Fig. 12) Er3þ (4S3/2)þEr3þ (4I15/2)!Er3þ
(4I9/2)þEr3þ (4I13/2). The decay time (s) of the 4S3/2 level is
obtained using Eq. (2). Experimental luminescence data is
represented by the squares in Fig. 7 for [Er3þ]¼ 1 1021
cm3, and the solid line represents the curve of best fit,
which gives s¼ 15.7 ls. The best fit to the 552 nm lumines-
cence was performed using Eq. (1), which gave the follow-
ing parameters: (1) c¼ 50.4 s1/2, sm¼ 59.6 ls (R2¼ 0.999),
and s¼ 43 ls (integrated) for [Er3þ]¼ 2 1020 cm3; (2)
c¼ 198 s1/2, sm¼ 158 ls (R2¼ 0.991), and s¼ 29.4 ls for
[Er3þ]¼ 5 1020 cm3 and (3) c¼ 337.4 s1/2, sm¼ 375 ls
(R2¼ 0.997), and s¼ 15.7 ls for [Er3þ]¼ 1 1021 cm3. By
plotting the total decay rate (1/s) of the 4S3/2 level as a func-
tion of the Er3þ concentration, one obtains the intrinsic total
decay rate (1/sd) of 19021 s
1 for the [Er3þ]! 0 where CR
is negligible. Using the radiative lifetime sR¼ 281 ls (calcu-
lated using Judd-Ofelt theory) in the relation
1=sd ¼ 1=sR þWnr, one obtains Wnr¼ 15462 s1 for the
intrinsic non-radiative decay rate of the 4S3/2 level. The CR
rate was obtained using the relation WCR ¼ 1=s 1=sd; see
values given in Table I.
Figure 8(a) shows the normalized pump ESA factor, fESA
that was obtained from a best fit to the 552 nm luminescence
plotted as a function of the excitation wavelength. It can be
observed that the TPA band follows approximately GSA, see
Fig. 8(b). By inspection of the minimum and maximum ener-
gies of the 4I11/2! 4F7/2 transition of Er3þ in tellurite, it can be
deduced that the ESA1 spectrum will occur in the range cov-
ered by the TPA spectrum. One may obtain the ESA spectrum
[or S(k)] using the normalized TPA and GSA spectra using
S kð Þ ¼ TPA kð Þ
GSA kð Þ : (5)
The dashed line in Fig. 8(c) represents the pump ESA spec-
trum using Eq. (5). Using Judd-Ofelt theory, it is possible to
estimate the cross-sections for ESA1. The rate of the strong-
est radiative transition, 4F7/2! 4I15/2, from 4F7/2 excited state
was calculated using the reduced matrix elements U(k) for
the (Er3þ in LaF3) U
(2)¼ 0.0, U(4)¼ 0.1467, and
U(6)¼ 0.6273 (Ref. 11) and the corresponding spectroscopic
intensity parameters XI¼ 2,4,6 (cm
2) given in Sec. III and
k ¼ 483 nm (i.e., the mean emission wavelength). The calcu-
lated radiative rate (Ai!j¼ 15/2) of the
4F7/2! 4I15/2 transition
was 6024 s1. The radiative rate of the 4F7/2! 4I11/2 transi-
tion was calculated using relation A i!j¼11=2ð Þ=
A i!j¼15=2ð Þ ¼ b3b1 and the luminescence branching ratios b1
(0.86) and b3 (0.04) for
4F7/2! 4I15/2 and 4F7/2! 4I11/2 tran-
sitions, respectively, which are given in Ref. 19. We estimate
that Ai!f(j¼ 11/2)¼ 280 s1 in Er3þ-doped tellurite. The ESA
absorption cross section is given by






A i!f ðj¼11=2ð ÞÞe kð Þ; (6)
where e kð Þ ¼ S kð ÞÐ
S kð Þdk is the line-shape of the ESA spectrum
S(k), gi¼ 2Jþ 1 and gf¼ 2J0 þ 1 (i for the initial and f for
the final states), n is the refractive index (1.98), and c the
speed of light. The absorption cross-section spectrum due to
the 4I11/2! 4F7/2 transition (i.e., ESA1) was calculated using
Eq. (6) and k¼ 971 nm (average excitation wavelength or
centroid), e k
  ¼ 0.07313 nm1. The cross-section for ESA1
is 4.13 1021 cm2 at k ¼ 971 nm. The resultant spectrum
for ESA1 was calculated using Eq. (6). Ground state absorp-
tion is shown in Fig. 8(b) for comparison.
D. Upconversion to the 4I9/2 level
For excitation at 1485 nm an ETU process Er3þ (4I13/
2)þEr3þ (4I13/2)!Er3þ (4I15/2)þEr3þ (4I9/2) (labeled
ETU1) can occur, which populates the 4I9/2 level which sub-
sequently emits 810 nm luminescence. By measuring the
decay time of the 810 nm luminescence, one can obtain the
rate of ETU. Using the “energy-gap” law, expressed as
Wnr ¼ C exp aDEð Þ for the 4S3/2 and 4I11/2 levels, the con-
stants C¼ 5.97 108 s1 and a¼ 3.4 103 cm are obtained
FIG. 8. (a) Measured (crosses) and fitted (two Lorentzian functions, solid
line) TPA characteristic given by the a(ESA1) parameter. (b) shows the GSA
measured for Er2O3 (0.5 mol. %)-doped tellurite and (c) the generated ESA
spectrum obtained using Eq. (5) and Eq. (6).
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and hence the lifetime of the 4I9/2 level was estimated to be
24 ls compared to calculated the radiative lifetime for this
level of 2.58 ms.
Figure 9 shows the 810 nm luminescence transient
measured after laser pulses (4 ns, E¼ 10 mJ) at 1485 nm. A
short rise time is observed which is then followed by lumi-
nescence decay with a time constants of 1 ls (s1) and
500 ls (s2). The values for s2 depend on the laser pump in-
tensity and on the Er3þ concentration and hence they relate
to ETU. The 810 nm luminescence transient was fitted using
the following expression:





where (A-B) gives the amplitude for ESA (labelled a(ESA2))
that depends on the excitation wavelength and B is related to
ETU. The rise time (srise) provides the relaxation time from the
“hot excited state” (or excited 4I9/2 level), which will emit one
or two-phonons according to the extra excitation energy cre-
ated by the two-photon excitation (i.e., TPA). The excess
energy is 1088 cm1 for k¼ 1485 nm excitation
(2h¼ 13 468 cm1) in comparison to the mean energy
(12 380 cm1) for the 4I13/2! 4I9/2 transition. This energy
must be dissipated by phonons that will involve a relaxation
time (snr), which relates to the short rise time, for the
4I9/2 lu-
minescence (with a risetime dependent on the excitation wave-
length). We obtain: srise¼ 22.5 ns for k¼ 1605 nm
(DE¼ 81 cm1), srise¼ 160 ns for k¼ 1581 nm (DE¼ 270
cm1), srise¼ 170 ns for k¼ 1485 nm (DE¼ 1088 cm1),
srise¼ 210 ns for k¼ 1476 nm (DE¼ 1170 cm1), and
srise¼ 260 ns for k¼ 1457 nm (DE¼ 1345 cm1). The best fit
to the measured luminescence is given by the solid line in
Fig. 9 where A¼ 1.02, B¼ 0.15, srise¼ 170 ns, s1¼ 826 ls,
c2¼ 22.5 s1/2, and s2¼ 1.41 ms (R2¼ 0.991) for 1485 nm
excitation.








I3ðtÞdt, where I3(t) is
given by Eq. (7). In this case, it was observed that 99% of
810 nm luminescence is produced by ETU (the ESA2 pro-
cess contributes 1%) for [Er3þ]¼ 1 1021 cm3. Using the
fitting parameters c2 and s2 in Eq. (2), one gets the integrated
time constant for ETU (or s(ETU)), which can be used in Eq.
(8) to get the rate of ETU (or W(ETU)) where
W ETUð Þ ¼ 1s ETUð Þ
 1
sd Dð Þ ; (8)
and sd(D) is the intrinsic decay time constant of the
4I13/2
level [or donor (D)], which in this case sd(D)¼ sR¼ 3.27 ms.
Figure 10 shows the WETU values as a function of excited
Er3þ ions in the 4I13/2 level (or laser intensity) for
[Er3þ]¼ 1 1021 cm3 when pumped at 1485 nm. It can
observed that the rate of ETU increases with the excitation
density (N*), which tends to saturate for N* 2 1019 cm3
similarly to observations made of the 4I13/2 level in
Er3þ(15 mol. %)-doped LiYF4 crystal.
17 This means that the
critical radius model can be applied to describe how the rate of
ETU depends on the excitation density (N*). This model is
given by17,18
gETU ¼ 1 exp N=NCð Þ; (9)
where N* is the 4I13/2 level and NC is the critical concentra-
tion of Er3þ ions excited to the 4I13/2 ions given by
NC ¼ 4p=3ð ÞR3C
 1
. The fact that WETU approaches a con-
stant value for a high excitation density (NS), see Fig. 10
indicates that the efficiency for ETU at large values of N*
should be given by gETU N
ð Þ ¼ WETU=K0, where K0 is the
rate constant parameter. The solid line in Fig. 10 represents
the best fit for WETU using the critical radius model for
[Er3þ]¼ 1 1021 cm3 where NC¼ 2.93 1018 cm3 (or
RC¼ 44 A˚) and K0¼ 3782 s1. It can be observed that WETU
approaches the K0 value when NS¼ 2 1019 cm3, which
gives WcteETU ¼ 1:89 1016 cm3s1, where WcteETU ¼ K0=NS.
This value for WETU for Er2O3¼ 2.2 mol. % is about 3 times
larger than the equivalent rate for Er3þ(15 mol. %)-doped
LiYF4 crystal.
17 The rate constants for ETU are presented in
Table I.
FIG. 9. (Color online) Measured luminescence transient from the 4I9/2 level
at 810 nm (circles) after laser excitation at 1485 nm (E¼ 8 mJ) at T¼ 300 K
for Er3þ-doped tellurite ([Er3þ]¼ 1 1021 cm3). The excitation pulse
(crosses) is also observed. The best fit to the 813 nm luminescence (solid
line) was obtained using Eq. (7).
FIG. 10. Measured ETU rate (s1) as a function of the excited Er3þ ion den-
sity (N*) obtained by measuring the luminescence transient of the 4I9/2 level
after pulsed (4 ns) excitation at 1485 nm (squares). The solid line represents
the best fit using the critical radius model of Eq. (9). [Er3þ]¼ 1 1021 cm3.
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The strength of pump ESA from the 4I13/2 level (labeled
ESA2) and its wavelength dependence is given by the ampli-
tude (A-B) [labeled the a(ESA2) parameter in Eq. (7)] and was
obtained for many excitation wavelengths across the 4I15/2
! 4I13/2 absorption spectrum i.e., 1450 nm to 1650 nm. Fig.
11(a) shows the pump ESA factor, a(ESA2) obtained from a
best fit to the 810 nm luminescence plotted as a function of
the excitation wavelength. It can be observed that the TPA
band follows approximately with GSA, see Fig. 11(b). By
inspection of the minimum and maximum energies of the
4I13/2! 4I9/2 transition of Er3þ in tellurite, it can be deduced
that the ESA1 spectrum will occur in the range covered by
the TPA spectrum with an excess average excitation energy
of 570 cm1. It means that one phonon of energy
570 cm1 must be emitted (or created) following TPA. Note
that the phonon energy created in this process has a lower
energy than the phonons (with energy 705 cm1) involved
in multiphonon nonradiative decay.
The one-phonon sideband ESA spectrum [or SB(k)] can
be obtained using the normalized TPA and GSA spectra
using Eq. (5); see the solid curve of Fig. 11(c), however, one
can extract the ESA spectrum [or S(k1
þ)] due to the
4I13/2! 4I9/2 transition (centered at 1700 nm) by shifting
the wavelength k to k1
þ according to the relation
kþ1 ¼ ð1=k hxÞ1, where h¼ 570 cm1 is the mean energy
absorbed by the lattice.20 The sideband amplitude must be
scaled using the one-phonon creation probability Pþ1 that is
given by Pþ1 ﬃ S0ðnþ 1Þ exp ð2nþ 1ÞS0ð Þ, where
n ¼ exp hx=KTð Þ  1½ 1 is the occupation number of the
phonon mode (at T¼ 300 K). S0 0.31 is the electron-
phonon coupling (or Huang-Rhys factor) and h¼ 570 cm1
is the average phonon energy of all the phonon modes which
couples to the multiphonon sideband absorption relevant to
tellurite glass. The ESA spectrum was obtained according to
the relation: Sðkþ1 Þ ¼ Pþ1 SBðk! kþ1 Þ, where P1þ¼ 0.2324.
The dashed line in Fig. 11(c) shows the ESA2 spectrum cen-
tered at 1700 nm and the solid line in Fig. 11(c) shows the
pump ESA spectrum using Eq. (5).
We can estimate the cross-section for ESA2 using Eq.
(6), where k¼ 1700 nm (mean absorption wavelength),
n¼ 1.98, and Aedi!j¼13=2 ¼ 89 s1 (calculated in this work for
the 4I9/2! 4I13/2 transition). Using the measured line-shape
of ESA2 spectrum, e k
  ¼ 0.00438 nm1, we have
r(ESA2)¼ 7.88 1022 cm2 at k¼ 1700 nm. The one-
phonon sideband ESA2 cross-section at k¼ 1550 nm was
obtained using the relation rESA2onephonon ¼ Pþ1 rðESA2Þ, where
Pþ1 ¼ 0.2324, which gives a cross-section of 1.83 1022
cm2 at 1550 nm.
IV. DISCUSSION
In an effort to predict the performance of fibre lasers
operating on the 3 lm transition, we carried out numerical
modeling of the system using the spectroscopic parameters
determined above. Figure 12 shows the simplified energy
level scheme of the Er3þ-doped tellurite system for cw





4S3/2 level populations most relevant
to the laser transition at 2.75 lm. The 4F7/2 and
2H11/2
excited levels were not considered because they are strongly
depopulated by fast multiphonon decay to the 4S3/2 level.
(Similarly, the 4I9/2 decays quickly to the
3I11/2 level.) The
rate equations for our model using the normalized population
n1þ n2þ n3þ n4þ n5¼ 1 are
dn1
dt
¼ RPn1 þ n2sR2 þ
b51
sR5















 2Kn22 þWCRn1n5 WOH 2ð Þn2 þWOH 3ð Þn3; (11)
dn3
dt
¼ RPn1  RESA1n3  n3sR3 WnR 32ð Þn3 þ
b53
sR5
n5 þ b43sR4 n4





WnR 430ð Þn4 þ b54sR5 n5 þWnRð54Þn5; (13)
dn5
dt
¼ RESA1n3  n5sR5 WnR 54ð Þn5 WCRn1n5; (14)
FIG. 11. (Color online) (a) Measured emission at 813 nm (circles) from the
4I9/2 level after pulsed laser excitation across the
4I15/2! 4I13/2 GSA transi-
tion. The solid line is the best fit using two Gaussian functions, (b) measured
GSA spectrum, and (c) calculated ESA spectrum and side-band ESA spec-
trum for [Er3þ]¼ 1 1021 cm3.
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where RP ¼ r13 IPhP is the pump rate (s
1), IP is the pump
light (W cm2), and hP is the photon energy of pump radia-
tion. bij represents the luminescence branching ratio and sRi
is the radiative lifetime. The fundamental and excited state
absorption cross-sections are r13¼ 3.45 1021 cm2 (GSA)
and r35¼ 1.39 1021 cm2 at 976 nm (ESA1). The emission
cross-section, r32¼ 6.29 1021 cm2 (at k¼ 2734 nm). Ex-
perimental values of the intrinsic total decay times (s2, s3,
and s5), radiative lifetimes (sRi), luminescence branching
ratios (bij), multiphonon decay rates (WnR(32), WnR(430),
WnR(54)), and WOH (i) where i¼ 2, 3 for the Er3þ concentra-
tions used in this work are given in Table I.
The calculated evolution of the excited state populations
(in cm3) obtained by numerical simulation of the rate
equations for [Er3þ]¼ 1.5 1021 cm 3 using a pumping
rate of 1000 s1 (or IP¼ 59.3 kW cm2) is shown in
Fig. 13(a), where one can observe that equilibrium
occurs for a time shorter than 3 ms. At equilibrium, the pop-
ulations n3 and n2 were taken and the population inversion
Dn¼ n3 – n2 was obtained for [Er3þ]¼ 1 1021 cm3,
1.2 1021 cm3, and 1.5 1021 cm3 as a function of the
pump intensity at 976 nm; these results are presented in Fig.
13(b), which indicates a threshold pump intensity that
depends on the Er3þ concentration [IP (threshold) 87 kW
cm2 for Er3þ¼ 1.2 1021 cm3] if we assume that
WOH(2)¼WOH(3)¼ 0, i.e., a glass without OH impurity.
We calculate a negative population inversion for
[Er3þ]¼ 1.5 1021 cm3 if we include Er3þ(4I11/2)!OH
energy transfer with [OH]¼ 6.6 1018 cm3. Overall, we
calculate that Er3þ-doped tellurite will not have gain at 2.75
lm unless [Er3þ] is at least 1.2 1021 cm3 which provides
an ETU rate (K1) of 1:7124Wnr 32ð Þ. In this case, a posi-
tive population inversion occurs when the threshold pumping
intensity of 87 kW cm2 is attained.
FIG. 12. Simplified energy level scheme
for Er3þ-doped tellurite glass showing
the energy transfer process relevant to
laser operation at 2750 nm.
FIG. 13. (Color online) (a) Calculated population inversion for
[Er3þ]¼ 1.5 1021 cm3 in tellurite glass for cw pumping at 976 nm for vary-
ing pumping intensities. ESA1 was switched off (dashed line) to show its contri-
bution (IP¼ 119 KW cm2). (b) Calculated population inversion as a function
of the pump rate for [Er3þ]¼ 1 1021, 1.2 1021, and 1.5 1021 cm3.
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V. CONCLUSIONS
The intrinsic luminescence efficiency of the 4I11/2 ! 4I13/2
transition of Er3þ-doped tellurite glass at T¼ 300K was deter-
mined to be 0.83%; a value primarily the result of large rates of
multiphonon emission. We have observed that the decay time
of the 4I11/2 and
4I13/2 levels in our samples was Er
3þ concentra-
tion dependent, which we attribute to migration-assisted energy
transfer to OH radicals present in the glass. The transfer rate
from Er3þ (4I11/2) to OH
 radicals (at a measured concentration
of 6.6 1018 cm3) is 85% of the multiphonon decay rate for
[Er3þ]¼ 1 1021 cm3 and consequently reduces further the
luminescence efficiency to 0.046%. We measured ETU between
excited Er3þ ions in the 4I13/2 level with a rate increasing with
the Er3þ concentration; we established that this process is essen-
tial for the creation of the population inversion on the laser tran-
sition at 2.75 lm, however, the ETU rate constant of 3714 s1
measured for [Er3þ]¼ 1 1021 cm3 was not enough to create
a population inversion in tellurite glass, even for the ideal case
where [OH]¼ 0. For [Er3þ ]>¼ 1.2 1021 cm3 (or Er2O3
2.65 mol. %) and [OH]¼ 0, a population inversion was
determined for a threshold pumping intensity of 87 kW cm2
at 976 nm. It was established that pump ESA processes at 976
nm would have a detrimental impact on the performance of
Er3þ-doped tellurite fibre laser performance.
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